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 (BiFeO3)(1-[ȁ/(LaFeO3)[ȁ superlattices (SLs) have been grown using pulsed laser deposition 
and studied by x-ray diffraction, transmission electron microscopy (TEM) and Raman 
spectroscopy. TKHFRPSRVLWLRQZDVYDULHGxZKLOHWKHPRGXODWLRQSHULRGȁZas 
kept constant at about 10nm. Unit cell doubling signatures typical of orthorhombic Pnma 
symmetry for x= 0.80 and 0.85 SLs and ¼{011} antiferroelectric PbZrO3 like reflections in 
SLs with  x  are detected by TEM showing a complex structural mixture at the 
nanoscale level. The Raman spectra confirm these observations and show a change in the SLs 
from a Pnma LaFeO3 like spectra for LaFeO3-rich period to a PbZrO3 like spectra for BiFeO3-
rich period. Electron-phonon interactions and resonant-like excitations were also observed in 
the SLs. A temperature dependent x-ray diffraction investigation shows a large shift of the 
paraelectric-antiferroelectric phase transition scaling with the BiFeO3 thickness. This shift is 
correlated with the strain state and can be explained by a strong interplay between octahedral 
rotation/tilt and anti-polar Bi displacement. Thickness-temperature phase diagram is 
constructed and differs from previous report showing the extreme sensitivity of the BiFeO3 
phase stability to strain effects and rotation/tilt degrees of freedom. 
 
1. Introduction 
Bismuth ferrite (BiFeO3 or BFO) is the most studied multiferroic due to its robust 
ferroelectric state (TC = 1100K) coexisting at room temperature with an antiferromagnetic 
order (TN=640K).[1] Such coexistence and the possible cross coupling between both ferroic 
orders paves the way to so-called MagnetoElectric RAM combining advantages of the 
ferroelectric and the antiferromagnetic state.[2] Due to its high spontaneous polarization BFO 
has also been considered as an alternative to lead based solid solutions for electromechanical 
applications. Applications in BFO thin film form and bulk are limited by the high leakage 
currents and chemical substitutions were used in order to improve the physical properties.[3,4] 




allowed the fast investigation of the complete phase diagram of different solid solutions (RE: 
Sm, Gd, Dy, La).[5,6] Important piezoelectric properties were observed for some compositions 
(Sm, Gd) and were correlated to a morphotropic phase boundary (MPB) between a 
rhombohedral R3c (n°161) phase (low concentration of RE) and an orthorhombic Pnma 
(n°62) phase (high concentration of RE).[6] For instance MPB is observed at xc= 0.14 for Sm 
and xc decreases as the RE ionic radii decreases. Moreover for a limited range above xc=0.14 
an electric field induced double loop hysteresis is observed. [6] Local ordering has also been 
detected using transmission electron microscopy (1/4{110} reflections) which closely 
resemble the antiferroelectric (AFE) PbZrO3 state. [6-7] The macroscopic state for this range of 
compositions still shows ferroelectric response and the AFE state seems to be limited to local 
regions. Similar to Sm, Dy and Gd substitutions, La induces a complex crossover (MPB) from 
a R3c symmetry to a Pnma symmetry but this is however not accompanied with giant 
piezoelectric responses. [6] The equivalent ionic radius between La and Bi and the absence of 
chemical pressure explain such a difference.[5-7] Note that the Bi electron lone pair is an 
important ingredient for appearance of the ferroelectric distortion and substitution by La 
VRPHKRZ SURYRNHV IHUURHOHFWULF ³GLOXWLRQ´ ,Q DQDORJ\ WR OHDG EDVHG VROLG-solution such 
MPBs in Bi1-xRExFeO3 are believed to be a structural bridge between the R3c and the Pnma 
phases. The mechanism of polarisation rotation and adaptive phase are the two models put 
forward to explain the emergence of MPBs.[8] While polarization rotation might explain 
MPBs in Ferroelectric-Ferroelectric (FE-FE) solid solution this is not the case for FE-AFE 
solid-solution and the adaptive phase model with extreme shrinking of the domain sizes has 
been used to explain MBPs in Bi1-xRExFeO3.[8] A further development has been made after the 
discovery of an incommensurate structure by TEM investigations.[7] Flexoelectric interactions 
have been introduced to explain such modulated incommensurate structures and the decrease 
of domain wall energy (effective negative domain wall energy).[8] According to this model 




modulated incommensurate structure and electromechanical softening yields giant 
piezoelectric responses.  Artificially manipulating antagonistic order would not only allow for 
a better understanding of their interactions but also the design of nanostructures with 
remarkable properties. This strategy has been implemented in superlattices of complex oxides 
such as superconductor/ferromagnetic, relaxor/ferroelectric and paraelectric/ferroelectric.[9-16]  
In particular polarization rotation has been observed along with a MPB in PbTiO3/CaTiO3 
superlattices.[16] In this work we have artificially introduced competition between R3c and 
Pnma orders by growing BiFeO3/LaFeO3 (BFO/LFO) superlattices. BFO and LFO present 
pseudo cubic unit cell parameters of 3.96Å and 3.92Å respectively in bulk. Considering only 
interlayer elastic interaction we expect BFO (resp. LFO) layers to be under in-plane 
compressive (resp. tensile) strain. Rispens et al. have investigated BFO/LFO superlattices 
coherently grown on orthorhombic DyScO3(110)O substrates and revealed a complex 
structural behaviour that strongly depends on the composition and temperature.[17] 
Unfortunately the exact symmetry is not revealed for the region of the phase diagram at the 
boundary between the R3c Rhombohedral phase and the Pnma orthorhombic phase.[17] Maran 
et al. have also investigated superlattices with similar materials and found depending on the 
composition signs of an antiferroelectric-like state, incommensurate structures and the 
interesting possibility to tune the dielectric properties.[18,19] The superlattices they have 
studied are based on pure BFO layers combined with layers of a (Bi,Sm)FeO3 solid solution 
made by combinatorial deposition and it is difficult to disentangle the effects of the alloying 
from the superlattice ordering.[18,19] We focus here on two sets of superlattices grown on cubic 
SrTiO3(100) and MgO(100) substrates of about 8-9nm periodicities and complement the 
investigations by using Raman spectroscopy and TEM investigations (see supporting 
information) that are of importance for the evolution of the lattice dynamics (phonons linked 
to polarization and rotation/tilt ordering) and the detection of local ordering (AFE nano 




interfaces is probed via the synthesis of superlattices with varying ratio of BFO and LFO in 
the period ((BiFeO3)(1-[ȁ/(LaFeO3)[ȁwith ȁ -9nm kept fixed and x varying from 0.25 to 0.8 
with a total of 25 bilayers). For instance the superlattice BFO0.5ȁ/LFO0.5ȁ shows the same 
ratio of BFO and LFO in the period (same thickness of about 4-4.5nm half the ȁ 
wavelength/periodicity ; similar notation/terminology were used in references 10-15). The 
architectures of the two sets of SLs are given in the supporting information. 
 
2. Results and discussions 
2.1. Room temperature X-ray diffraction characterization 
 
The superlattices have been characterized by in-situ reflection high energy electron 
diffraction (RHEED) and the streaks obtained on the diffraction patterns of all the 
superlattices indicate a smooth surface (see supporting information). Figure 1 displays room-
temperature ș-ș[-ray diffraction pattern of the two sets of superlattices BFO(1-[ȁ/LFO[ȁ for 
[ grown on MgO and STO substrates. The MgO (respect. STO) substrates are 
buffered with a 20nm thick STO layer (respect. 40nm thick conducting La0.5Sr0.5CoO3 layer). 
The MgO substrates give the possibility to investigate the SLs by Raman spectroscopy while 
the conducting La0.5Sr0.5CoO3 (LSCO) buffer will enable electrical characterization. BFO and 
LFO single layers are also shown for comparison. No parasitic phases are detected within the 
limits of our instruments and all SLs and single films exhibit epitaxial growth. Satellite peaks 
indicate a modulated structure along the growth direction. Such satellite peaks are direct proof 
of a good crystalline quality and the synthesis of a modulated chemical structure and not a 
solid solution. The evolution of the satellite peaks positions and intensities reflects the change 
in the composition of the SLs from the LFO-rich period to the BFO-rich period. Rocking 




Full width at half maximum (FWHM) of about 0.4° (resp. 0.1°) were measured for the SLs 
compared to 0.05° for the MgO substrate (resp. 0.01° for the STO substrate).  
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4.02  Average out of plane lattice parameter



























Figure 1. șș;5'SDWWHUQVRI%)2(1-[ȁ/(LFO)[ȁsuperlattices as a fuQFWLRQRI[[
grown on (a) MgO and (b) STO substrates (Asterisks denote the satellite peaks).  Lattice 
parameters calculated for SLs deposited on MgO and STO substrates are respectively shown 
on (c) and (d). Pseudo-cubic bulk values are provided for comparison (dashed horizontal 
lines). Guide to the eyes are only shown for SLs.  
 
Using the Bragg formula for SLs we have calculated an average out-of-plane lattice 
SDUDPHWHUIRUHDFKVXSHUODWWLFHIURPWKHșYDOXHRIWKHPRVWLQWHQVHVDWHOOLWHSHDN[9-15] These 




parameter with increasing x. Such gradual behaviour has also been observed for out-of-plane 
lattice parameter of Bi1-xLaxFeO3 single films.[5,6] This decrease has been interpreted as a 
progressive diminution of the ferroelectric distortion when Bi is substituted by La. Note that 
while the Pnma state is reached above xc=0.14 in clamped Bi1-xLaxFeO3 thin films, bulk 
investigations indicate a critical concentration of xc=0.5.[20] The average out of plane lattice 
parameters do not perfectly interpolate with the thin film out-of-plane lattice parameter 
indicating a different global strain state in the SLs (particularly the case for the SLs on STO 
substrate). A direct comparison of the SLs with strain effects in thin films is not 
straightforward and interlayer interactions clearly need to be taken into account. 
Reciprocal space mappings (RSMs) have been performed in order to explore the in-
plane structure and to reveal the domain structures. Considering the multiple symmetries that 
BFO can adopt under strain we probed the (204) and (113) family of planes. Both RSMs show 
an important relaxation of the epitaxial strain between the multilayers and the cubic MgO and 
STO substrates. The different behaviour of the in plane lattice parameters detected on MgO 
and STO substrates indicates that residual strain is nevertheless present. As demonstrated 
below the residual strain seems not strong enough and similar structures are observed in both 
sets of superlattices. Such results suggest that interlayer interactions and symmetry 
compatibility between BFO and LFO in the SLs are the main driving force for any possible 
structural evolution with the ratio x of LFO. The STO buffer layer for the set of SLs grown on 
MgO substrates is not observed probably due to the low thickness (20nm) and weak 
diffraction intensity. For the set of SLs grown on STO substrates, the 40nm LSCO bottom 
electrode is coherently strained for all the SLs deposited on STO (see supporting information). 
Only one reflection has been detected for the (113) RSM excluding rhombohedral or 
monoclinic distortions (not shown) for all SLs deposited on MgO and STO substrates. 
However the (204) RSM shows a peculiar behaviour with a splitting detected for low values 




for both sets of SLs deposited on MgO and STO. Figure 2 shows the RSMs obtained for the 
x=0.3 and x=0.85 SLs grown on MgO and STO substrates. The RSMs measured for the (204), 
(024), (-204) and (0-24) family of planes are similar for all the SLs showing an in plane 
fourfold symmetry (see supporting information). A pseudo-tetragonal or orthorhombic 
average structure is therefore inferred from these measurements whatever the substrates. The 
SLs grown on MgO with x below 0.65 show a splitting (x below 0.55 for the SLs on STO). 
Such splitting is however not resolved at x=0.65 and above. A Large full width at half 
maximum (FWHM) for x above 0.7 is observed and is typical of Pnma LFO single layers (not 
shown). This is probably provoked by a domain structure with very small lateral correlation 
length (about 10nm for the x=0.85 SL on MgO for instance). Note that reflections are also 
observed at about Qz=10.2 (corresponding to a satellite peak) and around Qz=10.15. This last 
weak reflection appears at a Qz very close to the reflection observed for the x=0.8 SL and is 
probably of the same origin. Another domain orientation could also explain this reflection as 
discussed below (TEM investigation). The presence of such splitting and its evolution indicate 
a change of structure at about x=0.65-0.7 (resp. x=0.55) for the SLs deposited on MgO (resp. 
STO). As confirmed by TEM observations the structural coherency is maintained between the 
layers of the superlattices and the BFO and LFO layers present, within the limit of resolution 
of our diffractometer, the same in plane lattice parameters. The calculated in-plane lattice 
parameters are presented in Figure 1 in comparison with the average out-of-plane lattice 
parameter and a complex structural behaviour is observed. The in-plane lattice parameters 
differ from the MgO and STO lattice parameter due to the epitaxial strain relaxation (see 
supporting information for Qx cross section of (204) RSMs). The differences in the two in 
plane lattice parameters decreases on going from x=0.3 to x=0.5 and a merging is observed at 
a value of x=0.65 for the samples grown on MgO (around x=0.55-0.65 on STO substrates). 
Figure 1 shows an abrupt change of the in plane lattice parameters at 0.65-0.7 (resp. 0.55-




transition is therefore observed on the SLs on increasing the LFO content and the same 
behaviour is revealed on both cubic MgO and STO substrates. 
 
 
Figure 2. (204) Reciprocal space mapping of the SLs (a) (BFO)ȁ/(LFO)ȁ and (b) 
(BFO)ȁ/(LFO)ȁ grown on MgO.  
(204) Reciprocal space mapping of the SLs (c) (BFO)ȁ/(LFO)ȁ and (d) 
(BFO)ȁ/(LFO)ȁ grown on STO. 
 
 A pseudo-tetragonal structure on average is deduced for the LFO thin film ((204) and 
(024) RSMs are similar) while the relaxed BFO thin film symmetry is R3c bulk like (RSM 
not shown). Such behaviour in the LFO thin film has already been observed (90° twinning, 
fourfold in plane symmetry and out-of-plane epitaxial strain) and a similar microstructure is 
described elsewhere.[21] 
 




















































































2.2. Transmission electron microscopy characterization 
To better understand the XRD results and the effect of varying the ratio of BFO versus 
LFO on the microstructure of the superlattices we have undertaken transmission electron 
microscopy (TEM) studies. We discuss the results obtained on the set of samples deposited on 
MgO. Similar results were obtained on one SL deposited on STO (low ratio of LFO x=0.25; 
not shown below). Cross section images measured by TEM (see supporting information for 
SLs with x=0.45, x=0.65 and x=0.8) reveal good quality interfaces between each layer in the 
superlattices and between the 20nm thick STO buffer and the MgO substrate. Linear defects 
are, however, detected and are attributed to threading dislocations running through the entire 
thickness of the structure. Periodic nucleation of dislocations due to the very large mismatch 
has also been detected at the STO/MgO interfaces and explains the epitaxial relaxation 
between the substrate and the different layers (see supporting information for the TEM 
investigation of the STO buffer layer). A zoomed in region of the x=0.45 superlattice reveals 
a peculiar nanoscale dense lamellar structure that are oriented perpendicular and at 45° 
relative to the interface (see Figure 3). Such dense lamellar structures have also been 





Figure 3. (a) Cross section image for the x=0.45 superlattice (scale bar at the bottom left : 
20nm) (b) zoomed in region delimited in (a) by the red square highlighting the 45° oriented 
dense lamellae in the BFO layers (c) zoomed in region delimited in (a) by the yellow square 
highlighting the vertical dense structure in LFO and BFO. A vertical domain wall separates 
these two regions (dashed red line in (a)). The arrow indicates a vertical threading dislocation 
crossing the entire thickness of the multilayer. The insets of (b) and (c) show the Fast Fourier 
transform (FFT) for each domain.  
 
Similar dense domains have also been observed at the MPB of (Bi,Sm)FeO3 thin film 
solid-solution and have been correlated to a PbZrO3-like structure.[7] These modulated 
structures are indeed observed in PbZrO3 relaxed thin films.[22] Adjacent layers in such dense 
lamellar structures oriented at 45° have been shown to be of opposite polarization. For the 
periodic 45° modulated structure a period of the bilayers of about 1.15nm is estimated from 




the BFO layers. The period for the vertically dense lamellar modulated structure (Figure 3 
(c)) differs in the LFO and BFO layers with values of 0.8nm and 1.5 nm respectively. 
Antiferroelectric PbZrO3 like reflections are associated with these 45° lamellar structures as 
deduced from the comparison of the fourier transform of Figure 3 (b) and electron diffraction 
pattern presented in Figure 4. This last figure shows [100] zone-axis selected-area diffraction 
(ZADPs) obtained on three (BFO)(1-[ȁ/(LFO)[ȁ superlattices corresponding to x=0.45, 0.65 
and 0.8. 
 
Figure 4. From left to right, [100]ZADP of (BFO)(1-[ȁ/(LFO)[ȁsuperlattices with x=0.45, 
0.65 and 0.8. Squares and circles indicate Pnma like reflections (1/2{001}, 1/2{010} and 
1/2{011}) and PbZrO3 like ¼{011} reflections respectively. 
 
 We observe satellite peaks oriented along the growth direction that are particularly 
clear for the x=0.45 and x=0.65 samples. Similar satellites have been observed by XRD and 
are direct proof of a chemical modulation along the growth direction. Inspection of the three 
diffraction patterns allows us to also detect the ¼{011} PbZrO3 like reflections for x=0.45 and 
x=0.65 SLs (see circles). Such reflections indicate local anti-polar ordering similar to those 
observed in the Bi1-xLaxFeO3 MPBs. Note that the only SL deposited on STO with low ratio 
of LFO (x=0.25) studied by TEM also present PbZrO3 like reflection. The lattice parameter 
derived from ¼{011} reflections is about 1.15nm coinciding with the period of the bilayers in 




involves Bi-O atomic displacements. The reflections ¼{011} are no longer present for x=0.8 
in agreement with the absence of the 45° lamellar structure. These reflections are directly 
connected with the 45° lamellar structure (see Fourier transform on Figure 3 (b)) and two 
orientations for such lamellar structures are observed for the x=0.65 SL. These two variants 
differ by the orientation of the in-plane co orthorhombic axis (along [100]pc or [ ?ത00]pc and 
corresponding to the two different rows of circles on the x=0.65 diffraction pattern; see 
supporting information for a schematic representation of the orthorhombic unit cell 
orientation).[22,23] Furthermore the reflections 1/2{010} and 1/2{011} that are signature of unit 
cell doubling observed for the Pnma orthorhombic phase are also observed. The 1/2{010} 
Pnma like reflections are linked to the vertically oriented lamellar structure as deduced from 
the comparison with the Fourier transform (Figure 3 (c)). Although very weak, 1/2{001} 
reflection are also detected for x=0.8. The orthorhombic like unit cell dimension are found to 
be apc×apc×2apc in Bi1-xLaxFeO3 thin films where apc is the pseudo cubic unit cell lattice 
parameter explaining the 0.8nm period in the LFO layers estimated from Figure 4 (c).[5,6] No 
¼{0k0} reflections are detected while a co=4apc is measured for some regions in the BFO 
layers (see Figure 3 (c)). Such reflections are extremely weak in bulk BFO MPBs and this 
could explain their absence on the diffraction pattern.[24] While both 1/2{010} and 1/2{011} 
reflections are intense for the x=0.65 superlattice they are extremely weak for x=0.45. It is 
obviously connected with the smaller ratio of LFO in the period for x=0.45. This result shows 
that Pnma like ordering is nevertheless quite robust and still present for such thin LFO layers 
(about 3nm for the x=0.45 superlattice). On increasing LFO ratio to x=0.8, the 1/2{011} 
reflection is stronger but the intensity of 1/2{010} reflections decreases. Similar observations 
have been made from TEM investigations of Sm substituted BFO thin film and might be 
explained by twin variants of the orthorhombic Pnma structure.[7] No PbZrO3-like reflections 
are detected for the x=0.8 SL confirming the structural change suspected from the XRD 




We believe therefore that the two kinds of domains presented in Figure 3 (b) and (c) 
correspond to a PbZrO3-like twin variant and a vertical domain wall separates these two 
variants (60° domain wall between domains with antiferroelectric axis along the [0 ?ത1]pc and 
the [ ?ത01]pc pseudo-cubic directions).[23,25] These two domains are responsible for the splitting 
observed on the RSM for x=0.3. The PbZrO3 like unit cell dimensions discussed in the 
literature for RE doped BFO MPBs are ao= ? ?apc, bo=2 ? ?apc and co=2apc (apc:peusdo-cubic 
unit cell parameter) for the Pbam group and ao= ? ?apc, bo=2 ? ?apc and co=4apc for the Pnam 
type. Pbam and Pnam groups also differ in tilt system (a-a-c0 for Pbam and a complex a-a-c+/a-
a-c- NaNbO3 like for the Pnam system).[7,26] Pnma like LFO unit cell dimension are often 
described in thin film as ao=apc, bo=apc and co=2apc (different settings can be found in the 
literature but are equivalent to Pnma within a circular permutation of the coordinates). 
Considering the measured period for the BFO layers (1.15nm for the 45° bilayers periodicity 
and 1.5 nm on Figure 3 (c)) the unit cell seems to be described by the Pnam group with 
bo=1.15nm (~2 ? ?apc) and co=1.5nm (~4apc). For the domains with slabs tilted at 45° relative 
to the BFO/LFO interfaces (Figure 3 (b)) the unit cell orientation is such that ሾ ? ? ?ሿ୭ 
//ሾ ? ?ത ?ሿ୮ୡ, ሾ ? ? ?ሿ୭ //ሾ ? ? ?ሿ୮ୡ and ሾ ? ? ?ሿ୭ //ሾ ? ? ?ሿ୮ୡ (with the cubic system of reference given in 
the supporting information). The Bi anti polar atomic displacement (antiferroelectric axis) is 
along the ሾ ? ? ?ሿ୭ //ሾ ? ?ത ?ሿ୮ୡ direction. Twin variants with the orthorhombic co axis along the 
four equivalent in plane directions are expected and explain the two type of domains observed 
in the cross sectional image and separated by a 60° domain walls. The pseudo-tetragonal 
structure detected by the reciprocal space mappings can be explained with this structural 
model. A pseudo-tetragonal unit cell is indeed often used for PbZrO3 thin film considering the 
very small difference of lattice parameters along the ሾ ?ത ? ?ሿ୭ and the ሾ ? ?ത ?ሿ୭ directions.[22,23] In 
this pseudo-tetragonal approximation the orthorhombic c-axis is parallel to the tetragonal c-




observed nodes with the different orientations of the PbZrO3 like orthorhombic unit cell (or 
equivalently the pseudo-tetragonal unit cell with the c-axis lying in the plane). For the (204) 
RSM one diffraction node corresponds to domains with the orthorhombic co axis parallel to 
[100]pc (smaller in plane lattice parameter) while the second one is associated to domains with 
the orthorhombic co axis parallel to [010]pc (equivalent to the ሾ ?ത ? ?ሿ୭  direction in the 
orthorhombic system of reference). On increasing x the PbZrO3 like distorsion decreases. The 
associated splitting decreases and is no longer observed for high values of x (same behaviour 
for the superlattices deposited on SrTiO3). The in-plane long axis of the LFO layers is aligned 
along the orthorhombic c-axis of the PbZrO3 like unit cell of the BFO layers and the 
symmetry mismatch is therefore naturaly accommodated. As suggested by XRD and TEM we 
stress again that the structural coherency is maintained within the different layers of the SLs 
and it is not possible to assign different in-plane-lattice parameters to the BFO and LFO layers.  
Observation of the ¼{011} PbZrO3 like reflections in such SLs demonstrates the 
possibility of creating antiferroelectric order from a ferroelectric (BFO) combined with a 
paraelectric (LFO) in superlattices. The antiferroelectric order emerges only in BFO layers 
considering the strong tendency of the Bi to display polar ordering due to the electron lone 
pair.[27] Such antiferroelectric order cannot be explained by the nature of the epitaxial strain 
imposed on the BFO layers. Elastic interactions based on the difference of lattice parameters 
between LFO and BFO predict in plane compressive (resp. tensile) strain in BFO (resp. in 
LFO). Compressive strain does not solely explain the observed PbZrO3 structure. Indeed for 
instance BFO adopts a monoclinic phase with a high tetragonal strain under a strong 
compressive strain (the so-called super-tetragonal phase). This is not what is observed in our 
SLs, so additional factors are necessary to explain the appearance of the PbZrO3-like structure. 
Very recently considerations based on symmetry and octahedral tilt compatibilities at 
heterointerfaces have been used to better explain the structural behaviour of thin films and 




structure is more likely to be the octahedral tilt compatibility at the heterointerfaces and the 
off-centric tendency of the Bi ion. Indeed the BFO layers of the SLs are shown to adopt the a-
a-c+/a-a-c- tilt system and the LFO layers the a-a-c+ tilt (c here lying in the plane). We can not 
definitevely rule out Pbam PbZrO3 symmetry and part of the sample may adopt the a-a-c0 tilt 
system. The predicted orthorhombic Pmc21 in ultra short BiFeO3/LaFeO3 superlattices and 
BFO thin film is also a candidate since it is characterized by the coexistence of polar and 
antiferroelectric distorsion. [29,30] The observed PbZrO3 structure is therefore not associated 
with alloying effects. Note that first principle theory predicts such complex tilt ordering and 
nanotwinned phases in BFO due to competing instabilities and the SLs have been shown to be 
an ideal platform for inducing new phases from interactions between different instabilities 
(antiferrodistortive versus ferroelectric ordering).[31,32] Connections are possible with the 
model proposed by Tagantsev et al. to explain the antiferroelectric ordering in PbZrO3.[23] 
TEM refinement structure at the atomic scale would allow us to understand the interplay 
between polar displacement and octahedral tilt ordering at the heterointerfaces of the SLs. To 
gain a deeper understanding of the structure, these SLs have also been investigated by Raman 
spectroscopy. 
 
2.3. Raman spectroscopy investigation 
 

























































Figure 5. Room temperature Raman spectra of (BFO)(1-[ȁ/(LFO)[ȁ superlattices in (a) 
crossed (Z(XY)=ഥ)and (b) parallel geometry (Z(YY)=ഥ). 
 
 All SLs have been investigated by polarized Raman spectroscopy and Figure 5 
displays the room temperature Raman spectra recorded in crossed (Z(XY)=ഥ) and parallel 
(Z(YY) =ഥ ) geometries. BFO (x=0) and LFO (x=1) single films are also shown for 
comparative purposes. These different geometries are useful to reveal the nature of phonon 
symmetries. For small values of x, two peaks below 200cm-1 are observed in the parallel 
geometry for the superlattices and are reminiscent of the BFO A1 phonons.[33] These phonons 
appear at about 138cm-1 and 170cm-1 in the BFO film and a significant mode hardening is 
observed in the SLs. The doublet is observed at 150cm-1 and 181 cm-1 in the SLs suggesting a 
strong change in the Bi atomic displacement. Further comparison of the BFO film to the SLs 
indicates a change of relative intensity: the phonon at 181cm-1 being more intense in the SLs 
compared to the one at 150cm-1. The opposite is observed on the BFO film (mode at 138cm-1 
more intense than the mode at 170cm-1). Changes of relative intensity of these two modes are 
often detected in ceramics due to the random orientation of grains but Raman spectra 
collected on different regions of the BFO thin film and SLs did not show any spatial 
dependence. These two phonons are characteristics of the R3c polar state in BFO bulk and 
thin films and provide a good spectral signature for any symmetry changes. This strong 
phonon hardening and the change of relative intensity are therefore probably connected to the 
change of polar ordering from ferroelectric to antiferroelectric PbZrO3-like state in the BFO 
layers of the SLs as detected by TEM. The bands in the range 200cm-1-300cm-1 involving 
R[\JHQRFWDKHGUDO WLOWGHJUHHVRIIUHHGRPSUHVHQWYHU\GLIIHUHQWVKDSHV IRU WKH[
compared to the BFO or LFO Raman spectra suggesting a different tilt ordering for these SLs. 
1RWHWKDWWKH5DPDQVSHFWUDRIWKH6/V[FORVHO\UHVHPEOHWKH5DPDQVSHFWUDRI




authors argue that a PbZrO3 AFE-like state is present for the x=0.2-0.5 Bi1-xLaxFeO3 
composition. Note that the mode at 170cm-1 in bulk BFO overlap with the polar Bi ordering 
while the mode at 220cm-1 overlaps with the octahedral tilt degree of freedom.[33] Bielecki et 
al. use this last phonon to track the evolution of the tilt angle versus composition and the R3c 
versus Pnma phase stability.[20] This last phonon mode visible in the crossed polarization 
geometry (Figure 5 (a)) also shows a hardening in the SLs and is visible up to x=0.45 at a 
frequency of 226cm-1. The Raman selection rules predict an important increase of Raman 
active phonon bands when going from the R3c to the PbZrO3-like (Pbam, Pnam) symmetries 
that is unfortunately not possible in the Raman spectra collected for our SLs. As discussed by 
Goian et al. and Bielecki et al. in similar systems the discrepancy between the number of 
observed bands and the predicted number of active bands is explained by the very small 
distortion and therefore weak difference in frequencies or splitting between the different 
bands.[20,34] Strong damping and large bands also explain the impossibility to separate the 
different excitations and to identify the exact number of bands and phonon symmetries.  
Similar Raman spectra and behaviour have also been observed for BFO under 
hydrostatic pressure. A change from rhombohedral like to orthorhombic like symmetries is 
inferred from X-ray diffraction and Raman spectroscopy under hydrostatic pressure and the 
Raman spectra at 4.1GPa is close to the one we observe for x below 0.65.[35] Such similarity is 
probably a signature of the orthorhombic symmetry and we mention in this context the 
theoretical investigation by Xue et al. on pressure induced Antiferroelectric like state in BFO 
based solid solution.[36] We must stress that care must be taken when comparing strain effects 
in thin films or multilayers with hydrostatic pressure investigations and magnitude of biaxial 
stress cannot be easily deduced from such comparison. Nevertheless Raman fingerprints of 
competing phases were detected by Guennou et al. and our Raman spectroscopy investigation 
combined with the TEM studies also indicates a complex nanoscale mixture.[35] Raman 




at about 620 cm-1. The progressive change from a BFO like state to a LFO like state is also 
clear from this strong phonon mode. This excitation probably corresponds to a doublet and is 
absent in the BFO thin film Raman spectra. An asymmetric peak is, however, observed in 
LFO at the same frequency. The origin of this excitation is not clear and two explanations are 
proposed and connected to local disorder: a Fröhlich activated Raman forbidden longitudinal 
modes and a disorder activated spin wave.[20,37] This last interpretation has been done on the 
basis of a spin wave dispersion investigation and the energy measured at the zone boundary. 
The combination and overtone of this strong and resonant like first order phonon modes gives 
rise to the second order Raman spectra visible at about 1200-1300cm-1. We also clearly see in 
this second order scattering a progressive change from a BFO-like to a LFO-like excitations, 
with LFO second order excitations lying at higher frequencies compared to BFO. A complex 
mixture of two-modes is observed at intermediate compositions. 
 
2.4. Temperature dependent X-ray diffraction and phase diagram 
 
To study the relative phase stability and structural phase transitions in the SLs we 
performed x-ray diffraction measurements at different temperatures in the range of 25-625°C. 
Lattice parameters versus temperature of the substrates were systematically calculated and the 
expected thermal dilatation were observed for all samples investigated (not shown). For the 
set of SLs deposited on STO the LSCO buffer layers do not show any structural anomalies on 
heating and only a linear thermal dilatation is detected. 
Average out-of-plane lattice parameters from room temperature to high temperature 
are shown in Figure 6 (a) and (b) for the SLs deposited on MgO and STO respectively. 
Whatever the substrates, SLs with low content of LFO show important anomalies at high 
temperatures in contrast to SLs with a high content of LFO for which a linear dilatation is 




like state has been detected at room temperature. Such structural anomalies are therefore 
interpreted as a phase transition from the antiferroelectric-like state to a paraelectric like state. 
Figure 6 (c) and (d) present the corrected average out-of-plane lattice parameter for SLs 
showing structural anomalies (0.3[0.7 for MgO and 0.25[0.55). This correction allows 
for the removal of the linear paraelectric contribution to the average lattice parameter and to 
better evidence the distortion due to the polar ordering below the critical temperature.[38] 
 
 
Figure 6. Average out-of-plane lattice parameter versus temperature for SLs deposited on (a) 
MgO and (b) STO. (c) and (d) show corrected average out-of-plane lattice parameter for SLs 
on MgO and STO respectively.   
 
 We clearly see a shift of the critical temperature (antiferroelectric to paraelectric) to 
lower temperatures when the ratio, x, of LFO increases. It is also equivalent to consider that 
Tc decreases when the BFO thickness decreases in the period for this set of samples. The SLs 




















































































































































deposited on STO present a similar behavior. Rispens et al. also observed a scaling of the 
critical temperature with the BFO thickness in BFO/LFO SLs.[17] The octahedral tilt is 
believed to increase under strain and to efficiently relax the epitaxial strain in SLs. Complex 
interplay between strain, octahedral tilt and anti-polar Bi ordering probably explains the 
destabilization of the antiferroelectric state and the decrease of Tc.  The role of flexoelectric 
interaction in these SLs needs also to be revealed in order to get a full understanding of the 
observed behavior of Tc. For x=0.3 the transition is abrupt typical of a first order phase 
transition. A splitting of the main satellite peak is observed and supports the first order nature 
of the transition. However when x increases the transition becomes more diffuse and no 
abrupt jump of the average out-of-plane lattice parameter is observed. For instance the x=0.65 
and x=0.7 SLs behavior suggest a more diffuse phase transition. Superlattices with x=0.8 and 
0.85 do not show any anomalies in the structural behavior suggesting a stability of the 
paraelectric phase at all temperature studied. These observations support our interpretation of 
Pnma-like symmetry for these SLs from the room temperature XRD, TEM and Raman 
investigations. This structural phase transition is understood as a PbZrO3-like (Pbam, Pnam) 
to LFO-like (Pnma) transformation for low x. Finally an anomaly is observed at about 180°C 
(T*) that is independent of the BFO thickness and for both set of SLs deposited on MgO and 
STO substrates. Such T* independent of the strain have been detected in BFO thin films and 
bulk materials and seems to involve Fe-O bond length changes.[39-41] In bulk it has been 
attributed to surface transition (within a few nm) and proximity of the Neel temperature 
(267°C and 367°C for BFO and LFO respectively in bulk) may explain its origin. The 
anomalies observed at high temperature could be interpreted as a change of orientation or 
structural domains in the SLs and in order to rule out such possibilities we performed 
reciprocal space mapping at different temperatures. Figure 7 presents the results obtained on 
the SL with x=0.35 on STO at selected temperatures. Figure 7 also shows the calculated in 




the RSM a decrease of the splitting in Qx. Such a decrease on heating suggests a decrease of 
the PbZrO3-like orthorhombic distortion. At about 400°C the splitting is no longer resolved in 
Qx and only one broad node is observed. On further heating a splitting along Qz is detected 
corresponding to the structural phase transition. This behavior and the extracted in-plane 
lattice parameters confirm these interpretations of a structural phase transition from a PbZrO3 
like anti-polar phase to a high temperature paraelectric phase (Pnma). At the structural 
transition the low temperature and the high temperature phase coexist (splitting in Qz) which 
is a typical characteristic of a first-order transition.  
 
 
Figure 7. Reciprocal space mappings and in-plane lattice parameters as a function of 
temperatures for the BFOȁ/LFOȁ SL grown on STO. A splitting in Qz is observed for a 
certain range of temperatures (see arrows at 475°C). An additional contribution from the 





 SLs with fixed ratio of LFO (x=0.5) and different periodicities were also investigated 
and the results indicate that the main parameter controlling the phase stability is the BFO 
thickness of the layers in the SLs (results not shown). This behavior, in agreement with 
Rispens et al., enabled us to construct a thickness-temperature phase diagram of the SLs 
(Figure 8).[17] Results obtained from Raman spectroscopy also rules out a structural phase 
transition down to 90K for the SLs deposited on MgO with a high ratio of LFO.  
 
Figure 8. Phase diagram of BFO/LFO superlattices on (001) oriented MgO and STO 
substrates. Additional data (green spheres) obtained on BFOȁ/LFOȁ SLs grown on MgO 
ZLWKWKUHHGLIIHUHQWȁEXWIL[HG/)2FRQWHQW[ DUHDOVRSORWWHG 
 
 We note that the critical thickness at which the anti-polar state disappears for a fixed 
temperature is about 26Å very close to the value obtained by Rispens et al. for the 
disappearance of the ferroelectric-like state.[17] For increasing thicknesses above 75-80 Å we 
would also expect a transition to a Rhombohedral R3c-like state for the BFO layers of the SLs. 




influence of thickness on the critical temperature, the anti-polar state stability and to identify 
the primary order parameter of such BFO/LFO superlattices. Preliminary results obtained on 
similar SLs deposited on DyScO3(110) substrates do not, however, show PbZrO3-like phases 
for BFO rich SLs. In contrast to the SLs deposited on MgO and STO a full structural 
coherency is observed on orthorhombic DyScO3 (110) substrate (Pnma space group) and this 
probably explains the different phases observed by Raman and XRD. The structural imprint 
from the DyScO3 substrate of the oxygen octahedral rotation/tilt system is also a key factor 
that must be taken into account to interpret the differences with the SLs deposited on cubic 
substrates. Since the anti-polar domain sizes (~1.15nm from TEM) do not scale with the BFO 
thickness we do not consider electrostatic effect as the primary driving force of this 
antiferroelectric order.[42] We are currently looking to investigate and understand the magnetic 




BFO/LFO superlattices have been grown and studied in order to better understand the 
structural interaction at the origin of the MPBs between the R3c rhombohedral state and the 
Pnma orthorhombic state. Such MPBs are believed to be due to competing distortion and 
octahedral tilt degrees of freedom. Our SL investigations reveal a nanoscale mixture that 
depends strongly on the BFO thickness (PbZrO3 like versus Pnma like state). A PbZrO3 
antiferroelectric-like state in BFO and a peculiar domain state is revealed using a combination 
of XRD, TEM and Raman spectroscopy investigations. Octahedral tilt compatibility at the 
interfaces and off-centric Bi tendency probably explain the observed nanoscale modulated 
structure on the SLs deposited on cubic substrates. A temperature dependent x-ray diffraction 
study showed an important tuning of the antiferroelectric to paraelectric phase transition. 




interplay between octahedral tilt and anti-polar Bi ordering may explain such behavior. A 
phase diagram is proposed and differs with previous reports on DyScO3 substrates. The nature 
of the substrates (cubic versus orthorhombic) and structural imprint of the oxygen rotation/tilt 
system probably explain such differences. A variety of remarkable properties (piezoelectric 
and magnetoelectric) is expected for the MPB like state and is the subject of future 
investigations. 
 
 4. Experimental Section  
 
BFO/LFO superlattices were grown on buffered (001) oriented MgO and SrTiO3 
substrates by pulsed laser deposition (MECA2000 chamber) using a KrF laser (248nm) at a 
4Hz repetition rate. Both BFO and LFO were grown under 7.10-2 mbar of oxygen pressure 
(PO2) at 775°C. For the set of SLs deposited on MgO a SrTiO3 (STO) 20nm thick buffer layer 
was used to promote epitaxial growth and to favour the perovskite phase (it can be difficult to 
avoid parasitic phase in BFO layers directly grown on MgO). The important advantage of 
MgO and the reason for using it over other substrates is the possibility to investigate the 
multilayers by Raman spectroscopy since it is Raman inactive. The buffer layer of STO was 
deposited at 10-5 mbar of PO2 and 800°C. For the superlattices grown on STO substrates a 
40nm La0.5Sr0.5CoO3 (LSCO) bottom electrode was used for future electrical measurements. 
Structural characterizations of the multilayers were performed using a high-resolution 4-
FLUFOHV GLIIUDFWRPHWHU ZLWK D &X .Ȝ1 parallel beam (Bruker Discover D8). Transmission 
electron microscopy (TEM) was performed using an S-TWIN FEI TECNAI F20 microscope 
on cross sections of samples prepared using a focused ion beam (FIB) technique. Prior to the 
FIB process a protecting platinum layer was deposited on the sample to avoid damages and 
amorphization of the SLs. Raman measurements were performed using the 514.5 nm line 




a charge coupled device. An optical microscope was used to focus the incident light as a spot 
RI DERXW  ȝP LQ GLDPHWHU RQ WKH VDPSOH REMHFWLYH [ 6FDWWHUHG OLJKW ZDV FROOHFWHG
using the same objective of the microscope (back-scattering geometry). Using the Porto 
notation, Raman spectra were measured in crossed (Z(XY)=ഥ) and parallel geometry (Z(YY=ഥ). 
X, Y and Z corresponding respectively to [100], [010] and [001] of MgO crystallographic 
axes. 
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